Background
Introduction
Obesity is increasing worldwide and has become a major epidemic in developed countries [1] . In the U.S., approximately 35% of adults and 17% of children are obese. Obesity is associated with numerous and diverse comorbidities including diabetes mellitus (DM) type II, peripheral vascular disease (PVD), cardiovascular disease (CD), asthma, osteoarthritis, gallbladder disease and some forms of cancer [2, 3] . In addition, in a multivariate analysis, obesity was shown to be an independent risk factor for end stage renal disease (ESRD) with increasing relative risk with increasing body mass index (BMI). This study analyzed age, gender, education, smoking history, cholesterol levels but not diabetes status [4] . Thus, obesity has become a major economic and health burden for the healthcare system and a challenge for kidney transplantation.
Correlating with the obesity epidemic, the number of obese transplant candidates has also been increasing. However, due to the higher risk of complications, obese patients, defined as BMI of !30 kg/m 2 , historically have longer wait times for kidney transplantation and develop increased morbidity while on the waitlist [5, 6] . Because of the associated comorbidities and increased risk of adverse outcomes following transplantation, some centers have excluded patients with a high BMI (e.g., !35 kg/m 2 ) from transplantation. Nevertheless, a report by Gill et al showed that there is a survival benefit for obese patients receiving kidney transplantation compared to dialysis [7] . Thus, developing strategies to manage patients with obesity and ESRD by treating obesity, managing the comorbidities, or understanding potential molecular targets driving adverse risk is crucial.
Among kidney transplant recipients, most studies show that obesity is associated with a higher risk of graft failure and death [8] and in a meta-analysis, increased delayed graft function (DGF) [9] . Obesity is considered a proinflammatory disease, and previous studies have shown that adipocytes and immune cells within adipose tissue produce proinflammatory cytokines including IL6, TNF alpha and IL1 beta [10] . Following transplantation, proinflammatory cytokines may synergize with alloimmunity to increase adverse outcomes. In this study, we investigated the effects of obesity on outcomes in kidney transplantation.
Research Design and Methods
We analyzed data from the Scientific Registry of Transplant Recipients (SRTR) which includes data on all active and wait-listed transplant candidates and graft recipients in the United States. BMI, as calculated by height over weight measurements recorded at the time of first ESRD treatment (dialysis or preemptive transplantation), was used to stratify patients into categories defined by the World Health Organization as follows: BMI<18.5kg/m 2 (underweight), 18. We filtered the SRTR dataset of 200,756 patients that fit our criteria of having data for all variables (age, gender, graft type, ethnicity, PVD, diabetes, year of transplantation, period of follow up, urine protein, acute rejection, dialysis time of <1yr vs !1 yr) in our regression and Cox regression hazard ratio modeling analyses. After filtering the dataset to include subjects with valid variables, we identified 191091 recipients that were included in our analyses. Also, we performed a subgroup analysis for 73, 346 recipients of living donors (LD) (S1 Fig). A comparison between the entire cohort and filtered cohort with gender, age, BMI, ethnicity and medical co-morbidities is shown (S1 Fig). The comparison of the entire cohort to the filtered cohort helped ensure reduction of bias or confounders for assessing variables contributing to adverse outcomes. All the demographics were observed at the first follow-up visit after transplantation and the primary outcomes were positive urine protein (as collected on UNOS form from urinalysis), acute rejection before the graft failure, graft failure, and DGF.
The difference across BMI groups was tested by Kruskal-Wallis test and Chi-squared test for continuous and categorical variables, respectively. The data were summarized by median and interquartiles (25 th, 75 th ) for continuous variables, whereas frequency and percentage for categorical variables. We fitted a logistic regression for each outcome and adjusted for selected baseline covariates (logit(P(outcome = 1)) = β 0 intercept + β 1 age + β 2 gender + β 3 graft type + β 4 ethnicity + β 5 peripheral vascular disease + β 6 Diabetes + β 7 time period of transplantation (<2000, 2001-2004, 2005-2008, 2009+ ) + β 8 period of follow-up (<1, 1-5, 6-10, 11-15, 16+) + β 9 BMI + β 10 induction regimen + β 11 immune suppression regimen + β 12 HLA mismatch + β 13 dialysis . Pre transplant sensitization was not included in the logistic regression analysis due to missing data and significant loss of sample size. Odds ratios and 95% confidence intervals were determined. We used life-table survival curves to describe the time-tofailure data and log-rank test to compare them. A Cox proportional hazard model was performed on the time to graft failure adjusting for the same covariates as in the logistic regression plus urine protein, acute rejection, DGF, cold ischemia time, donor age, donor race and donor BMI. We reported the hazard ratios and their 95% confidence intervals. Because the effect of covariates on graft failure is not constant over time, the hazard ratio is interpreted as an average effect [11] . All these analyses were conducted using SAS (9.3; SAS Institute, Cary, NC) and pvalue < 0.05 was considered statistically significant.
Results
Patient demographics of kidney transplant recipients were stratified by BMI categories (Table 1 ). Similar to the demographic of patients with ESRD, a majority of the recipients are male (60%) with age ranges between 35-49 (30%) and 50-64 (24%). White recipients represented 57% of those analyzed, and African Americans comprised 23%. The predominant graft type was deceased donor (61%), which encompasses both standard criteria donor (SCD) (51%) and expanded criteria donor (ECD) (10%) grafts, whereas LD grafts represent 38% of transplants. As recipients increased in BMI, there was a significant increase in the percentage of recipients receiving a deceased donor graft. The incidence of type 2 diabetes and coronary artery disease (CAD) was higher with increasing BMI. Similar to previously reported trends, type I diabetics tend to be more lean than their type 2 diabetic counterparts [12] . Our analysis of each age cohort revealed that BMI significantly increased in each age group, with higher obesity frequencies in the 50-64 age cohort. For example, the percentage of obese class II recipients (BMI 35-39.9 kg/m 2 ) increases from 12% (18-34 age group), to 33% (35-49 age group), to 44% (50-64 age group) (S2 Fig). Preinduction status, induction status, HLA mismatch and maintenance regimen for all recipients is included (S1 Table) . Most recipients had negative crossmatch (98%), with median cold ischemia time of 11-13 hours, and most were on a maintenance regimen of immune suppression 68-70% across all recipients. The number of HLA mismatches was 3-4 across all recipients.
We analyzed the effect of obesity stratified by BMI on adverse outcomes including delayed graft function (DGF), acute rejection (AR), positive urine protein, and graft failure in kidney transplant recipients (Table 2 ). Based on Chi-square analysis, BMI had a significant association with incidence of all 4 adverse outcomes in the all recipients group, which includes deceased donor plus LD grafts ( Table 2 , top, p < 0.001 for all outcomes). For example, the frequency of DGF increased from 12.8% in normal weight recipients to 26.3% in recipients with BMI >40. Similarly, we observed increases in AR from 8.5% to 12.4%, positive urine protein from 35% to (8) 3380 (6) 3011 (5) 1399 (4) 491 (3) 141 (4) 8860 (5) 18. 41.2% and graft failure from 16% to 20.4% from normal weight to obese category II. We also performed a subset analysis of LD grafts, and although the overall incidence of adverse outcomes was lower for all types of donors, we again observed significantly more adverse outcomes with higher BMIs except for graft failure, which was not significant. Using the Cochran-Armitage trend test, we accessed whether each adverse outcome increases with increasing BMI. Indeed, all the adverse outcome rates showed a positive association with a higher BMI, except for graft failure ( Table 2 , bottom).
To determine if demographic factors or comorbidities contributed to the higher incidence of adverse outcomes observed with increasing BMI, we performed a logistic regression analysis analyzing outcomes with covariates including BMI, ethnicity, gender, age, graft type, DM, PVD and stroke (Table 3 ). The multivariate logistic regression analysis adjusted risk of DGF, AR, positive urine protein and graft failure was significantly increased for all BMI classes (I, II and III) (p < 0.001). The odds ratio (OR) for each adverse outcome, including DGF, acute rejection and urine protein, progressively increased with increasing BMI class. Interestingly, the increased risk also extended to the pre-obese overweight recipients (BMI 25.0-25.9 kg/m 2 ) who also had a significantly increased risk for DGF, AR and positive urine protein. (Table 3A) By Cox regression modeling, the hazard ratio was significantly increased for all obese cohorts for graft failure (Table 3B ). In summary, the risk of DGF, AR, positive urine protein and graft failure progressively increased with increasing BMI classes. For example, the OR increased from BMI class I to III for DGF (1.47 to 2.43), AR (1.14 to 1.26), urine protein (1.48 to 2.43) and the HR increased for graft failure (1.02 to 1.25), all of which had significant p values (Table 3) .
Next, we assessed whether obesity impacted time to graft failure visually. Obese classes I, II and III all have a significantly shorter time to graft failure relative to normal weight cohorts (Fig 1) . For example, obese class I, II and III recipients progressed to graft failure 189, 379 and 331 days quicker, respectively, than normal weight recipients. Interestingly, the overweight recipients also had a shorter time to graft failure than the normal weight group. In a subset analysis of the LD group, although the overall times to graft failure were longer than in the AD groups, we detected significantly shorter times to graft failure with increasing BMI. Specifically, increasing BMI shortens time to graft failure to 1443 days for all obese BMI cohorts Outcome (n = 191091) (%) (n = 5875) (%) (n = 60359) (%) (n = 65436) (%) (n = 39437) (%) (n = 15487) (%) (n = 4497) (% Outcome (n = 73 346) (%) (n = 2 527) (%) (n = 24865) (%) (n = 24489) (%) (n = 14319) (%) (n = 5500) (%) (n = 1658) (%) p value compared to 1521 days for normal weight. In an analysis of BMI classes, time to graft failure was 1322 days for obese class I, 1132 days for class II and 1180 for class III. Similar decreases in time to failure were noted in the LD cohort sub-analysis. Because there is a strong correlation between obesity and DM, and because DM is a comorbidity for adverse outcomes in transplantation, we used life-table survival curves to describe time to graft failure for each BMI category with or without DM visually. As expected, recipients with DM with a higher BMI had a shorter time to graft failure compared to recipients without DM for each BMI category (Fig 2a) . Importantly, we also found that obese transplant recipients without diabetes have a shorter time to failure with increasing BMI (Fig 2b) . Thus, BMI is associated with shorter time to graft failure, independent of DM. Similar trends were found in the analysis of the LD subgroups ( S3 Fig). Obesity is a growing epidemic in the general population so we queried whether the frequency of obese patients receiving transplants was also increasing. Recipients were stratified [13, 14] , analysis of SRTR data found an increase in obese categories of patients being transplanted in recipients of both AD and LD from 1987 to 2013 (Fig 3) . For example, the percent of transplants for obese class I, II and III increased from 16% to 31%, 14% to 35% and 17% to 32%, respectively, from <2000 to >2009. As expected, transplants in normal weight recipients amongst all donor types showed a reciprocal decrease. Next, we asked if graft survival was improving for recipients classified per BMI class over the time periods of the SRTR data (Fig 4 and S4 Fig) . 
Discussion
In our study, we analyzed 191,091 patients, filtered from 200, 756 kidney transplant patients in the Scientific Registry of Transplant Recipients (SRTR) database from 1987-2013 to determine the effect of obesity on outcomes following transplantation. Patients with complete data points for the variables being assessed were included. Our study shows that the number of obese transplant patients is increasing and that recipients have an increased incidence of adverse outcomes and a shorter time to graft failure. Using multivariate analysis, we showed that obesity is an independent risk factor for adverse transplant outcomes, independent of comorbidities including DM. Importantly, we demonstrate that the risk of adverse outcomes following transplantation progressively increased with higher BMI categories. Interestingly, we also show that the increased risk of adverse outcomes is observed in the pre-obese overweight category for DGF, acute rejection, positive urine protein and marginally significant for graft failure. Due to increases in the obese population, the number of obese patients with ESRD has also been increasing resulting in a greater number of patients on the transplant waiting list. Despite restrictions on the criteria for acceptance of obese patients for transplantation by some centers, the number of obese patients receiving a kidney transplant has also been markedly increasing. As prior work suggest that there has been an increase in the numbers of obese recipients, [13] we found similar trends (Fig 3) . The percentage of obese class II recipients has increased during the study period . Similar increases were observed in other obese classes with a corresponding decrease in the percentage of normal weight recipients. These trends were observed in both the AD and LDs categories. Obese donor BMI has been shown to increase the risk of DGF, [15] while another study showed that there was little influence on transplant outcomes unless donor BMI was greater than 45 kg/m. 2 In our model, we adjusted for donor BMI and still found that recipient BMI had an independent impact on outcomes. [16] Due to the serious comorbidities of obesity, some centers consider obese patients high risk and establish exclusion criteria for transplantation eligibility. For example, some transplant centers reject candidates with a BMI >35 kg/m 2 . On the other hand, a recent report showed that obese patients have a survival advantage with transplantation compared to dialysis [7] . Thus, obesity is a crucial factor in the selection and management of patients for clinical transplantation. In this study, the large dataset provided high statistical power to detect significant effects of obesity in the transplant recipient population. Our analysis of adverse outcomes including DGF, AR, positive urine protein and graft failure showed increased incidence of all adverse outcomes in all classes of obesity adjusting for the recipients of living and all donor grafts.
Due to the multiple comorbidities of obesity, we performed logistic regression analysis investigating the covariates of age, gender, graft type, ethnicity, PVD, diabetes, time period of transplantation, graft follow up period, urine protein, acute rejection and DGF. The multivariate analysis showed that obesity had an effect on outcomes independent of the covariates. Also, since DM is a major comorbidity of obesity, we generated life survival tables and Cox model for the time to failure for each BMI category with and without DM. The results showed that with increasing BMI graft survival decreased independently of DM. As expected, patients with DM had a trend toward shorter graft survival (although this is not statistically significant in the Cox model) but also had an association with worsening survival with increasing BMI. While not all potential confounding factors are collected in the SRTR dataset, these results indicate that the increase in adverse outcomes may not simply be due to DM or one of the other covariates, but are associated with obesity.
Although acute rejection rates have significantly decreased over the past two decades correlating with the introduction of new therapeutic agents [17, 18] , the graft survival times have not markedly improved to reflect the corresponding decrease in acute rejection [19] . We considered that the modest improvement in graft survival could be attributed, at least in part, to the negative effects of the increased proportion of high-risk obese recipients modulating the positive effects of improved medical management. Using a model that analyzed the effects of a single variable, BMI, we estimated that the time to graft failure would be predicted to decrease from 1390 days in the <2000 group to 1323 days in the >2009 group. However, graft survival has modestly improved and not decreased. We favor the interpretation that some factors have improved survival (e.g., immunosuppressive modalities and medical management) while other factors have worsened survival (e.g., increased percentage of high risk patients including obese patients plus older and ECD donors) with a net effect of a small increase in overall survival.
Despite the development of new therapeutic modalities during the past two decades and a concomitant decrease in the incidence of AR, which has been considered a major risk factor for graft survival, overall graft survival has shown only a modest improvement [19] . One possibility is that the increasing percentage of transplant recipients with a high BMI, as illustrated in Fig 3, could be exerting a negative effect on overall transplant outcomes. We illustrate the potential effect of changes in this single factor, BMI, over the time periods of the SRTR data (<2000, [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] and >2009) on the time to graft failure ( S5 Fig). Due to the increasing percentage of transplant recipients with a high BMI during this time period, our plot suggests that the time to graft failure for all recipients would markedly decrease during the time period of our analyses (<2000 to >2009). However, the actual observed time to graft failure has modestly improved and not worsened as suggested by our BMI model, we suggest that concurrent factors in addition to BMI, such as improved therapeutic modalities and better medical management have contributed to improve outcomes. The net effect of the negative impact of transplanting a high percentage of patients with a high BMI in parallel with the positive impact of improved treatment modalities has been a modest improvement in outcomes.
Several limitations exist for retrospective cohort studies using data entered into a national registry database. These include variability, bias and accuracy of data entry. Further, our study looked at the BMI at time of transplant and was not able to assess the effects of weight gain or loss on outcomes due to the lack of data points.
A key observation in our study is that the risks of obesity are progressive with increasing BMI from class I to III. Interestingly, we also detected increased risk in our overweight patients (BMI 25-29.9 kg/m 2 ) compared to normal weight recipients for urine protein, delayed graft function and acute rejection. Thus, there is a graduated risk increasing from the overweight through the obese categories, suggesting that even modest weight loss could provide benefits in terms of outcomes following transplantation. Interestingly, and paradoxically, by the logistic regression model, overweight did not significantly increase risk of graft failure, even though there is a trend toward increased risk. This is consistent with prior reports of overweight being protective in terms of mortality for hemodialysis patients [20, 21] . the mechanisms are unclear but adipose is known to secrete growth and pro survival factors [2, 22] . But once the adipose gets to obese state, it shifts toward a proinflammatory profile that can worsen graft survival [23] . This interpretation is consistent with other studies of weight loss showing that a 5% reduction in weight produces improvement in overall health outcomes for obese cohorts [24, 25] . However, this has yet to be shown for obese renal transplant recipients. Notably, our analysis suggests that the treatment of obesity, could exert improvements in overall transplant outcomes. Protocols of exercise plus diet can induce modest weight loss in some patients [26] . For patients with more extreme requirements for weight loss, bariatric surgery is under investigation in some studies of transplant patients. For example, an ongoing study of robotic surgery is currently investigating transplantation alone or in combination with gastric sleeve. In addition, novel therapies may be required. As registered on ClinicalTrials.gov, there are currently 5723 studies of obesity and 48 studies of obesity in transplantation. Results of these studies will be important to identify the optimal management of the obese transplant patient. In summary, although a prior study suggests that obese patients derive a survival benefit, we show that they have significantly increased risk for several adverse transplant outcomes including delayed graft function, acute rejection and graft failure. Having higher levels of adipose tissue particularly in the abdominal area has been shown to promote a systemic proinflammatory state where both the humoral and cellular immune components work synergistically to promote inflammation [27] [28] [29] [30] [31] . Some possibilities from the current literature suggests antagonism of predominantly elevated proinflammatory cytokines such as TNFa, IL6, MCP1, IL2 can be explored as possible ways for immune modulation to decrease systemic inflammation. In terms of further research, systematic approaches examining other factors including immunity, adipose tissue and interplay with kidney function may provide insights into specific molecular targets to improve outcomes for obese renal transplant patients. Author Contributions
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